INTRODUCTION 1
The innate immune response and the rapid establishment of an antiviral state are 2 critical determinants for the control of viral infections. Loss or deletion of such pathways 3 often results in severe disease following infection with otherwise benign and ubiquitous 4 pathogens, both in humans and in experimental animals (10, 17) . For their part, viruses 5 have evolved a variety of strategies to counter specific aspects of innate immunity, and 6 viruses lacking genes or cis-acting elements responsible for the countering of innate 7 immunity are highly attenuated (39). 8
Herpes simplex virus (HSV) exhibits two distinct phases of infection. Acute 9 infection occurs at peripheral mucocutaneous sites such as the cornea and skin, and 10 involves expression of all classes of viral genes. Latency is established in innervating 11 neurons and is characterized by limited gene expression and persistence of viral nucleic 12 acids within neuronal nuclei. Periodic reactivation may result in shedding of infectious 13 virus back to the site of infection and associated an severe corneal disease known as 14 herpetic stromal keratitis (HSK) (reviewed in (47)). HSK consists of 15 immunopathological inflammation, loss of visual acuity and even blindness, and has 16 therefore been well-studied in humans and animal models. Recognition of HSV-1 17 infection in vivo is thought to be mediated by Toll-like receptors (TLRs) expressed on 18 corneal epithelial cells (16, 40) . Once viral infection is recognized, TLR2 and TLR9 19 activation (20, 26) initiates a cascade of signaling events leads to the expression of 20 numerous immune modulators that increase inflammation and immune cell activities (3, 21 7) . This cascade plays a role in inducing HSK (reviewed in (7)). 22 Pasieka, et al. 4 In common with many pathogens, HSV-1 has genes to manipulate the host cell 1 environment during acute infection to ensure a successful viral lifecycle (23). These 2 include the virion host shutoff (vhs), the product of the UL41 gene, which is highly 3 conserved among the neurotropic herpesviruses (23). Vhs is present in the tegument of 4 virions and it is synthesized with leaky-late kinetics. It has RNase activity and degrades 5 both cellular and viral mRNA (21), with little or no effect on rRNA or tRNA. Although 6 dispensable for viral replication in vitro, vhs has a pivotal role in pathogenesis as HSV- 1 7 vhs-null viruses are severely attenuated in mouse models (43) . Vhs-null viruses are also 8 effective as live-attenuated vaccines in experimental mouse models (19, 29, 48, 49) . Vhs 9 plays a role in the evasion of the host innate immune response as supported by several 10 studies. Growth of an HSV-1 vhs-null virus is severely attenuated in both wild-type and 11
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IFNγR
-/-mice, but partially restored in IFNαβR -/-and IFNαβγR -/-mice following corneal 12 inoculation (24). Similarly, growth of an HSV-2 vhs-null virus was almost completely 13 restored in IFNαβ -/-mice(30). We recently reported that this virus is hyper-sensitive to 14 IFN-pretreatment in mouse embryo fibroblasts (MEFs) and that growth of this virus is 15 restored to near wild-type virus levels in IFNαβγR -/-MEFs (32). Furthermore, enhanced 16 pro-inflammatory cytokine production (IL-1B, IL-8, and MIP-1α) was noted in three 17 different human cell lines infected with a vhs-null virus (44) . 18
Our current studies examined the replication, pathogenesis, and functional 19 genomics of wild-type (WT) and vhs-deficient (∆vhs) virus infection of the corneas of 20 control and Stat1-deficient mice. Stat1 (signal transducer and activator of transcription 1) 21 is a transcription factor critical for transmitting the signal from the IFN receptor to initiate 22 the upregulation of ISGs (IFN-stimulated genes), a subset of genes stimulated through 23
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recognition of type 1 and type II IFNs. Stat1 -/-mice are highly susceptible to a variety of 1 infections, including Listeria monocytogenes, vesicular stomatitis virus (VSV), and 2 mouse cytomegalovirus (MCMV) (13, 27) . Consistent with these observations, the 3 corneas of Stat1 -/-mice following infection with both WT and ∆vhs viruses exhibited 4 increased viral replication and pathology as compared to control mice. Unexpectedly, our 5 data showed increased expression of a variety of IFN-induced genes and a related 6 increase in inflammation and pathology in Stat1 -/-mice, which indicates that the presence 7 of Stat1is important for mounting a appropriate, non-pathological inflammatory response. 8
Our data also demonstrated that vhs plays a fundamental role in promoting viral 9 replication, since the ∆vhs virus remained attenuated in the absence of Stat1.
11
MATERIALS AND METHODS 12
Cells, viruses, and mice. Vero cells were used for amplification and titering of viral 13 stocks as previously described (35). The HSV-1 wild type strain KOS was the 14 background for all viruses in this study (42) . Construction of the vhs-null virus HSV-1 15 (∆vhs) virus has been described (43) . Mock treated animals were inoculated with 16 uninfected Vero cell lysates prepared in a parallel manner as infected Vero lysates. 17
Mouse strains used were the control 129S6 as wild type mice (Taconic Farms, 18 Germantown, NY), and the 129 S6 Stat1 knock out mice (Stat1 -/-) (27). Mice were 19 housed in the Washington University School of Medicine enhanced barrier facility, and 20 infected in the Washington University School of Medicine biohazard facility. At both 21 facilities, sentinel mice were screened every 3 months and determined to be negative for 22 adventitious mouse pathogens, in particular mouse norovirus. Mice were infected 23
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p-value of 0.01 was used to identify genes that were significantly differentially expressed. 1
The Resolver system then combines ratio profiles to create ratio experiments using an 2 error-weighted average as described in Roland Stoughton and Hongyue Dai, Statistical 3 Combining of Cell Expression Profiles. US Patent #6,351,712, February 26, 2002. 4 Spotfire Decision Site 8.1 (Spotfire, Somerville, MA), and Ingenuity Pathway Analysis 5 (Ingenuity Systems) were also utilized for data analysis and mining. Microarray format, 6 protocols, and data can be viewed at http://expression.viromics.washington.edu. 7
Bio-Plex cytokine analysis. Corneas were isolated and lysed in the Bio-Rad Cell Lysis 8
Kit (Bio-Rad, Hercules, CA) as per kit protocol. Both corneas from one mouse were 9 combined to form one sample. Briefly, corneas were rinsed, lysed in 100 µL volume, 10 homogenized, sonicated, and then centrifuged at 4.5 x g for 4 mins to remove debris. 11
Equivalent amounts of protein, as measured by Bradford assay, were added to each Plex well of a multi-plex mouse cytokine Bio-Plex array. Cytokine concentrations are 13 reported as pg/mL. Results shown are the average from two experiments, with each 14 experiment containing 2 or more mice per data point (n≥4). The p-value was determined 15 by a two-tailed, unpaired t-test. As performed for the genomics analysis, the log 2 ratio 16 (infected:uninfected) of the averaged pg/mL was calculated. 17
Western blot analysis. At the indicated times post-infection, corneas were isolated, 18 lysed, and homogenized in 200 µl of 2X lysis buffer containing 10% β-mercaptoethanol. 19
Samples consisting of both corneas from one mouse were loaded to a 10% PAGE gel and 20 transferred to PVDF membranes which were then cut for separate probing of Stat3 and 21 actin. Secondary antibody incubation was followed by detection with the ECL Plus 22
Western blotting detection kit (Amersham Biosciences, England). Images were collected 23
with a Molecular Dynamics Storm 860 phosphorimaging system. Band analysis was 1 performed with ImageQuant TL. The antibodies used were as follows: beta-actin 2 (Sigma), Stat3 (#9132 Cell Signaling Technology, Danvers, MA) p-Stat3 Y705 (sc-7993, 3 Santa Cruz), and goat anti-mouse and goat anti-rabbit horseradish peroxidase conjugates 4 (Bio-Rad). 5
Immunohistochemistry. At the indicated day post-infection, eyeballs from two mice 6 per infection condition and timepoint (n=4) were enucleated and immediately fixed in 7 10% buffered neutral formalin. Paraffin-embedded sections of 4 µm were stained with 8 hematoxylin to identify nuclei. Primary antibodies were detected with Streptavidin-HRP 9 and DAB. Primary antibodies used included anti-Ly-6G and Ly-6C (Gr-1) antibody (BD 10 Pharmingen, San Diego, CA) and anti-phospho-Stat3 Y705 (D3A7 #9145, Cell Signaling 11 Technology). Sections were imaged at 40X. 12
RESULTS 1
Acute replication of HSV-1 is significantly enhanced in corneas of Stat1 -/-mice. To 2 examine the role of the innate response in controlling wild-type (WT) and an attenuated 3 virus (∆vhs) replication, we inoculated the corneas of control mice and mice lacking the 4 IFN signaling factor Stat1 (27). In corneas of control mice, WT virus was readily 5 detected in corneas out to 6 dpi ( Fig. 1A) , while the ∆vhs virus was rapidly cleared and 6 fell to minimally detectable levels within 2 dpi. In the corneas of the Stat1 -/-mice, WT 7 virus showed a significant and prolonged increase in growth as compared to the control 8 mice (Fig. 1B) . In contrast to its phenotype in control mice, ∆vhs in the Stat1 -/-mice 9 replicated to high levels, comparable to those of the WT virus in the control mice. The 10 enhanced growth of both viruses in the Stat1 -/-mice and the attenuation of the ∆vhs virus 11 in both mouse strains indicated Stat1-and vhs-dependent mechanisms in controlling viral 12 growth. 13 14 Disease and pathology is significantly enhanced in corneas of Stat1 -/-mice. We 15 further characterized HSV-1 pathogenesis by observing corneal disease pathology and 16 changes in body weight during the course of infection (Fig. 2) . In control mice, WT virus 17 infection resulted in a mild ocular disease, consisting of eyelid swelling and minimal 18 ocular discharge, while ∆vhs infection caused little if any disease ( Fig. 2A and 2B) . 19
Furthermore, control mice infected with WT or ∆vhs virus did not exhibit any significant 20 weight change. In contrast, WT virus infection of the Stat1 -/-mice caused severe ocular 21 disease that rapidly progressed to periocular hair loss, skin lesions, dramatic weight loss, 22 and death (Fig. 2C) . These mice showed symptoms of encephalitis (hind limb paralysis, 23
A C C E P T E D Pasieka, et al. 11 labored breathing, lack of movement) with over 90% of the mice dying within 7 days. 1 HSV-1 ∆vhs infection of the Stat1 -/-mice also induced substantial disease pathology, 2 weight loss, and similar symptoms of encephalitis, with <5% death (Fig. 2D ). Of interest, 3
WT virus and ∆vhs infected Stat1 -/-mice were similar in that both demonstrated 4 substantial corneal opacity and discharge by 2 dpi. Between 5 and 7 dpi, the disease in 5 these mice differentiated, as the ∆vhs-virus infected Stat1 -/-mice showed improvement in 6 terms of corneal opacity and disease pathology. 7
An analysis of brain titers between 3 and 9 dpi revealed a close correlation 8 between symptoms of encephalitis and viral titers (33). In the brains of control mice, WT 9 virus was only transiently detectable, while ∆vhs was undetectable. In contrast, in the 10 brains of Stat1 -/-mice, both WT and ∆vhs virus were detected, with the WT virus at 11 elevated titers throughout the time course and the ∆vhs virus cleared by 7 dpi. Overall, 12 the trigeminal ganglia, periocular skin, and brain titers closely resembled the pattern 13 observed for cornea replication. It is of interest that the Stat1 -/-mice, while displaying 14 substantial disease pathology, still cleared ∆vhs infection. 
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mock treated and infected corneas at 3 dpi were sectioned and labeled with Ly-6G/Ly-6C 1 to identify neutrophils. 2
Control and Stat1
-/-mock treated mice showed an intact epithelial cell layer and 3 stroma devoid of neutrophils ( Fig. 3A and 3D ). Striking differences were observed, 4 however, between the infected control and Stat1 -/-mice. The WT virus infected control 5 mouse corneas showed some evidence of thinning epithelial layer, but few Ly-6 + cells in 6 the stroma, while the ∆vhs infected control corneas closely resembled the mock-treated 7 corneas ( Fig. 3B and 3C ). In contrast, both the WT and ∆vhs virus infected Stat1 -/-mice 8 showed extensive loss of the corneal epithelial layer, a thickening of the stromal layer, 9
and numerous Ly-6 + infiltrating cells (Fig. 3E and 3F) . It is notable that while the degree 10 of inflammation and damage for each infection condition correlated closely with the 11 disease scores and corneal opacity observed in the Stat1 -/-mice (Fig 2) , it did not 12 correlate with viral replication. The replication of WT virus in control mice was 13 comparable to that of ∆vhs in Stat1 -/-mice, and yet the patterns of inflammation and 14 damage were distinct. infection. Only genes that changed ≥ 2-fold as compared to mock (p ≤ 0.01) in at least 9 one out of the 6 infection conditions for each virus were considered for further analysis. 10
Genes that met our selection parameters were organized into heat maps to show 11 patterns of gene expression changes due to WT virus ( replication-dependent effect. For the WT virus in the control mouse, the peak number of 18 changed genes was 599 at 2 dpi, while in the Stat1 -/-mouse the peak number was 1864 19 also at 2 dpi. For the ∆vhs virus in the control mouse, the peak number was 351 genes at 20 2 dpi, while the peak in the Stat1 -/-mice was 1154 genes at 3 dpi. 21
In either mouse strain, ∆vhs-infected mice exhibited fewer gene expression -/-mice exhibited a temporal 2 delay of ISG and inflammatory gene expression, in that many genes upregulated by 1 dpi 3 in the control mice were not upregulated in the Stat1 -/-until 2 or 3 dpi. This suggested 4 that Stat1-independent IFN signaling took longer to initiate in Stat1 -/-mice, perhaps 5 allowing the virus to gain an advantage over the host. 6
Unexpectedly, when all four infection models were compared, we found that the 7 level of viral replication did not correlate with the number and magnitude of gene 8 expression changes. This idea is exemplified by comparing the hierarchy of replication at 9 2 dpi (Stat1 and immune cell infiltration that follows HSV-1 infection of the cornea causes much of 19 the damage observed in herpetic stromal keratitis (7, 9) . Given the disease pathology of 20 our infected mice and the clinical relevance of cytokine expression, we focused our 21 search of the host genomics data to a list of inflammatory cytokines known to have a role 22 Pasieka, et al. 15 in HSK development, in addition to ISGs downstream of IFN signaling. Gene expression 1 changes were analyzed in a mouse-, viral-, and time-dependent manner (Table 1) . 2
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In all infected control mice, changes in expression of the genes implicated in 3 inflammatory response were modest and transient, especially in the ∆vhs infected mice.
4
For the most part, immune gene expression correlated with viral replication, and this 5 effect was most evident when comparing replication of both viruses to gene expression 6 levels at 2 and 3 dpi. 7
In the infected Stat1 -/-mice there was a substantial, yet delayed induction of 8 inflammatory genes as compared to the infected control mice. The increased 9 transcriptional profiles correlated closely with the biological readout of disease score, but 10 did not completely correlate with viral replication. The Stat1 -/-samples showed a 11 sustained upregulation of immune response genes, regardless of the presence or absence 12 of vhs. We also observed evidence of Stat1-independent IFN gene expression, including 13 upregulation of ISG15 and IFIT1. While some ISGs are expressed in a Stat1-independent 14 manner (13, 36, 37), the heightened expression in these mice was unexpected. That ISGs 15 are strongly expressed, combined with the IFN sensitivity of ∆vhs viruses, together may 16 in part explain the persistent attenuation of ∆vhs in Stat1 -/-mice. 17
18 Ingenuity Pathway analysis of relevant pathways. To look beyond genes known to 19 have a role in ocular pathology, we further characterized the types of genes that met our 20 fold-change selection parameters, using the Ingenuity Pathway Analysis (IPA) software. 21
Five functional pathways that have roles in antiviral establishment and disease pathology 22
were identified in which significant differences were observed when the profiles were 23
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compared in a virus-, mouse-, or time-dependent fashion (Fig. 5) . Both vhs-and Stat1-1 dependent effects were observed in the pathways discussed in further detail below. 2 Many intracellular cascades are activated in response to TLR ligand binding, 3
including NF-κB, IRF-3, and MAP kinases pathways (1, 6). IPA identified significant 4 differences between the control and Stat1 -/-mice in the TLR signaling pathway category 5 of genes ( Fig. 5 and Table S1 ). In the control mice, only PKR (eIF2αk2) was consistently 6 and substantially changed in response to infection, while all infected Stat1
-/-mice 7 demonstrated upregulation of the TLRs 2, 3, 6, and 7, as well as the transcriptional 8 activators Fos and Jun. 9
Changes in IL-6 and IL-6 signaling dependent genes were mostly Stat1-dependent 10 ( Fig. 5 and Table S2 ). IL-6 and IL-1β, both involved in the acute phase response, were 11 up-regulated at 2 and 3 dpi in the corneas of Stat1 -/-mice. The IL-6 receptor can mediate 12 transcriptional changes via Stat3 and numerous Stat3-dependent genes were strongly up-13 regulated in a Stat1-dependent manner, suggestive of increased IL-6 and Stat3 mediated 14 signaling in the Stat1 -/-mice. IL-6 has been strongly implicated in the genesis of HSK, 15 and therefore it was notable that the Stat1 -/-mice showed such elevated disease and 16
pathology. 17
Apoptosis signaling genes were differentially regulated between our model 18 systems ( Fig. 5 and Table S3 ). The genes from this category could be broadly sorted into 19 two groups on the basis of expression pattern. The first group included genes that were 20 upregulated at 2 dpi in the Stat1 -/-mice, with the WT virus infected Stat1 -/-mice showing 21 the most changes. The second group of genes was for the most part changed in all 22 infection models, with the magnitude of change being greater in the Stat1 -/-mice than the 23
A C C E P T E D
control mice. This group of genes included caspase 12, PKR, Fas, Tnf, and NF-κB 1 inhibitors (Nfkbia and Nfkbie). A small group of genes involved in DNA damage 2 checkpoint pathway (Ttk, Cdc2a, and Plk1) were up-regulated more strongly in the 3 control mice. Interestingly, genes with anti-apoptotic functions were also identified 4 (Birc3, Bcl2a1b, and Bcl3). The mechanism through which these genes are upregulated 5 and how this gene expression program effects viral replication is unknown. 6
Both type I and type II IFN signal through their respective receptors to JAK/Tyk 7 and STATs (reviewed in (45)). The control and Stat1 -/-mice showed similar levels of 8 changed genes involved in the IFN signaling pathway, regardless of infecting virus ( Fig.  9 5 and Table S4 ). However, when JAK/Stat signaling genes were specifically examined, 10 the Stat1 -/-mice had a greater changes in this group of genes, with WT virus infected 11
Stat1
-/-corneas showing the greatest number of changed genes ( Fig. 5 and Table S5 ). 12
Given the IFN sensitivity of ∆vhs viruses, this elevated ISG expression may explain why 13 the ∆vhs virus remained attenuated in the Stat1 -/-mice. 14 15 Cytokine production reflects strong induction of inflammatory response. To validate 16 our genomics analysis and measure cytokine induction at the protein level, we harvested 17 infected corneas for analysis with a Bio-Plex multiplex cytokine array designed to 18 simultaneously analyze multiple mouse cytokines. We focused our attention to a select 19 list of cytokines previously known to be factors in HSV-1 ocular pathogenesis. The data 20
shown contain at least four mice per data point (Fig. 6 ). All mock treated mice showed 21 near background levels of all cytokines tested (data not shown). In infected control mice, 22 few cytokine changes were observed and most changes were less than 10-fold as 23
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compared to mock treated samples. In contrast, the infected Stat1 -/-corneas showed 1 considerable changes in cytokine expression starting on 3 dpi. In general, the WT virus-2 infected Stat1 -/-showed greater changes than the ∆vhs-infected mice, and the expression 3 of most cytokines peaked on day 3 post-infection. Substantial cytokine expression 4 changes were observed for IL-6, KC (IL-8), MCP-1, and RANTES, while more moderate 5 changes were observed with IL-1α, IL-β, IL-12p40, MIP-1α, and MIP-1β. Changes in 6 the expression of IL-10, IL-12p70, and IFNγ were low. 7
To correlate these results to the genomics study, the fold-change (infected: mock) 8 values for seven cytokines were converted to a log 2 ratio and plotted in conjunction with 9 the genomics data (Fig. 7, Table S6 ). Because the arrays and cytokine analysis relied on 10 different methods (oligonucleotide and antibody binding, respectively), the absolute 11 numbers should not be compared, but rather the trends of expression. Overall, our 12 cytokine expression analysis strongly correlated with our genomics study, in terms of 13 magnitude and timecourse of cytokine expression changes. In particular, this 14 presentation of the data highlights and validates the delay of cytokine expression in the 15
Stat1
-/-mice first observed in the genomics analysis (compare Fig. 7E and 7F to 7G and 16 7H). Again, we propose that this delay, likely due to aberrant immune signaling or 17 activation of Stat1-independent pathways in the absence of Stat1, benefits the virus and 18 allows for increased viral replication in these mice. 19
Stat3 is activated in the corneas of infected Stat1
-/-mice. Thus far we had 20 demonstrated that the HSV-1 infected Stat1 -/-mouse corneas experience significant 21 changes in not only IL-6 expression (Table 1 and Fig. 6 ) but also IL-6-and Stat3-22 dependent gene expression (Fig. 5) . The heightened IL-6 expression was likely to be, at 23
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least in part, a causative agent of the cornea damage and neutrophil invasion reported 1 above (Fig. 3) . Other groups have reported that in the absence of Stat1, Stat3 experiences 2 increased and prolonged activation of Stat3 in response to 34, 38, 50) . 3
The IL-6 receptor can associate with and signal through Stat3 (2, 51), which upon 4 activation dimerizes and translocates to the nucleus to mediate a gene expression pattern 5 different from that of Stat1 (11, 41) . 6
To address this further, we assayed for activation of Stat3 in infected corneas 7 harvested at 1, 3, and 5 dpi, probing for total Stat3 and phosphorylated Stat3 (Y705) by 8
Western blotting. Levels of total Stat3 remained similar throughout all samples (Fig. 8) . 9
All mock-treated samples showed minimal Stat3 phosphorylation (data not shown), and 10 there was only a transient phosphorylation of Stat3 at 1 dpi in the infected control mice. 11
In contrast, infected Stat1 -/-corneas showed a prominent increase in Stat3 12 phosphorylation at 3 dpi. This heightened phosphorylation was evident out to at least 5 13 dpi in both WT and ∆vhs virus infected Stat1 -/-mouse corneas. 14 To determine if the positive Stat3 phosphorylation signal derived from resident 15 cornea cells and/or infiltrating cells, we also examined Stat3 phosphorylation via IHC at 16 3 dpi (Fig. 9) . The mock treated and all control mice showed minimal Stat3 17 phosphorylation (Fig. 9A-9D ). As expected, the infected Stat1 -/-mice corneas were 18 positive for phosphorylated Stat3, and this signal was localized to the nuclei of the cornea 19 epithelium, the outermost cell layer in the cornea (Fig. 9E and 9F) . Our studies confirm a role for vhs in replication, but not for control of host 14 inflammatory pathways. We had initially theorized that the attenuation of ∆vhs, in both 15 the control and Stat1 -/-mice, was due to heightened host response, yet our current studies 16 revealed few indications of a hyper-activated immune response in the absence of vhs. 17
Although the replication of ∆vhs is enhanced in the Stat1 -/-mice, it was not equivalent to 18 that of the WT virus. Its continued attenuation might be attributed to redundant independent IFN gene expression pathways identified in these mice, coupled with the 20 heightened susceptibility of vhs-null viruses to IFN. These data call into question, 21
however, the supposition that ∆vhs gets cleared rapidly due to its inability to shut off 22 IFN-stimulated gene expression. 23 Pasieka, et al. 22 Additionally, the persistent attenuation of ∆vhs virus could stem from the fact that 1 this virus appears to have an inherent defect in replication that cannot be compensated for 2 by deletion of a host factor. This idea is supported by the fact that even when inoculated 3 into Stat1 -/-or IFNαβγR -/-mice the ∆vhs virus was still attenuated. Furthermore, in vitro, 4 ∆vhs is still growth-impaired relative to WT virus (~10-fold) in IFNαβγR -/-mouse 5 embryo fibroblasts (32). Whether this defect is due to the loss of vhs RNase activity or 6 other role for vhs remains to be determined. Indeed, alterations in the gE/gI complex 7 have been shown in viruses lacking vhs, possibly explaining this IFN-independent growth 8 deficit (18). 9
The infected Stat1 -/-mice showed disease progression that was not correlated to 10 viral growth. The clouded corneas and ocular discharge observed by 2 dpi, however, 11 correlated with an increase in neutrophil invasion and cytokine expression. Both the 12 genomics and cytokine analyses identified IL-6 and IL-6-dependent gene expression as 13 different between the two mouse strains. HSV-1 infected IL6 -/-mice showed a role for 14 IL-6 in inducing ocular pathology, chemokine expression, and cellular invasion (12). 15
These studies support our hypothesis that the strong pro-inflammatory IL-6 signaling 16 observed in our Stat1 -/-mice is a likely source of the severe ocular disease and neutrophil 17 infiltration. HSV-1 infected IL-6 -/-mice, however, showed similar mortality, ocular 18 shedding, and neuronal spread as IL-6 +/+ mice (22). This lack of antiviral activity 19 mediated by IL-6 may in part explain why the Stat1 -/-mice are still unable to control 20 HSV-1 infection despite significantly enhanced immune gene expression. 21
The idea that IL-6 mediates disease progression is supported by our finding that 22
HSV-1 Stat1
-/-mice showed heightened phosphorylation of Stat3, a transcription factor 23
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that is activated in response to IL-6 and IFNγ receptor interactions (15, 34, 38) . The low 1 levels of IFNγ observed in our early time course suggest that IL-6 is the more likely 2 mediator of Stat3 activation in our system. Previous studies have documented heightened 3 and prolonged activation of Stat3 in the absence of Stat1 (15, 34, 38) . From this, we 4 hypothesize that the heightened activation of Stat3 induces a pattern of gene expression 5 in Stat1
-/-mice not observed in the controls. IL-6 is a Stat3 dependent gene, so it is likely 6 that IL-6-dependent Stat3 activation initiates a positive feedback thereby inducing further 7 IL-6 expression, which in turn enhances the inflammatory response and disease 8 progression. The inflammatory process found in some chronic inflammatory diseases 9 has been linked to gene expression patterns dependent on IL-6 activation of Stat3 (4, 5). 10
Suppressor of cytokine signaling 1 and 3 (SOCS1 and SOCS 3) are IFN-dependent genes 11 known to serve as negative feedback regulators of Stat1 and Stat3, respectively. Our 12 genomics analysis found upregulation of SOCS1 and SOCS3 expression at 1 dpi in the 13 control mice had tapered down by 3 dpi, reflecting a normal signaling process. SOCS3 14 upregulation, which was greater in Stat1 -/-than in control mice, was not observed until 2-15 3 dpi in these mice. This delay, concordant with the delay observed in other immune 16 response genes in these mice, may contribute to the deregulation of cytokine signaling. 17
Consistent with this idea, mice lacking SOCS3 show delayed wound healing and 18 prolonged inflammation (52). 19
In Stat1 -/-mice, both WT and ∆vhs viruses showed more productive replication at 20 the cornea, more so than previously observed with IFNαβγR -/-mice (24). This was in 21 contrast to studies that showed Stat1 -/-mice are more resistant to Sindbis and MCMV 22 infection than IFNαβγR -/-mice (13). Given the existence of Stat1-independent signaling 23
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-/-and IFNαβγR -/-mice differ in susceptibility to virus 1 infection. The contrasting susceptibilities to HSV, Sindbis, and MCMV likely reflect 2 either the efficiency with which the Stat1-independent signaling pathways can protect 3 against specific pathogens, or alternatively, the differential abilities of these pathogens to 4 subvert the Stat1 independent pathways. Interactions between the Type I IFN receptor 5 and IL-6 signaling, as well as the presence of Stat1 to balance Stat3 signaling may in part 6 account for the differences observed between HSV-1 infected Stat1
-/-and IFNαβγR S t a t 1 -/ -1 dpi 2 dpi 3 dpi C o n t r o l 1 2 9 S t a t 1 -/ -C o n t r o l 1 2 9 S t a t 1 -/-C o n t r o l 1 2 9 S t a t 1 -/ -1 dpi 2 dpi 3 dpi 
